Visible light communication (VLC) is a kind of high-efficiency wireless communication technology. As one of the key issues in VLC, the modulation bandwidth of lightconversion materials based light-emitting diodes (LEDs) has gained considerable attention in recent years. However, few people focus on theoretical analyses of the light-conversion process during modulation, which show significant influence on the modulation bandwidth of a white LED. In this work, we proposed low-pass filter based models of light-conversion materials of YAG:Ce phosphor and CdSe/ZnS quantum dots, to build the relationship between fluorescence lifetime of these light-conversion materials and their modulation bandwidth. Furthermore, the modulation bandwidth of light source with polychromatic light was obtained and analyzed based on the proposed model. The experimental results of the modulation bandwidth showed a highly consistency with the results from simulation models. These analyses were believed to help realizing white-light illumination with high bandwidth. To the best of our knowledge, this is the first time the modulation mechanisms of light-conversion materials in VLC have been comprehensively discussed in literature.
Introduction
As an efficient wireless communication technology, visible light communication (VLC) has gained considerable attention nowadays [1] - [6] . By modulating high frequency visible light, illumination and optical communication can be realized simultaneously. Owing to advantages of high rate in transmission, excellent performance in security, and low energy consumption, VLC systems are potentially to be applied as facilities in for accommodation, medical treatment, and automotive lighting [7] , [8] .
Conventionally, phosphors are adopted to produce white light in VLC because of their low cost, wavelength tunability, and matured technology. However, many commercial phosphors can only produce narrow modulation bandwidth with approximately 1 MHz due to their long fluorescence lifetime [9] , [10] . Since the bandwidth of a light source shows significant influence on communication rate, the application of phosphor based LEDs is gradually limited [11] . To improve the bandwidth of the light source, researchers try different methods to produce optimized light-conversion materials with short fluorescence lifetime. Xiao [12] et al. and Ruan [13] et al. reported the implementation of CdSe/ZnS and AgInS 2 /ZnS quantum dots (QDs) for light conversion in high power LEDs. These two types of QDs improve the bandwidth to 2.7 MHz (with fluorescence lifetime of 26.3 ns) and 5.4 MHz (with fluorescence lifetime of 77.0 ns), respectively. Sajjad [14] et al. proposed to use oligofluoreneboron dipyrromethene (BODIPY) as the red conversion material for LEDs in VLC system. This organic semiconductor provides a short fluorescence lifetime of approximately 4 ns with bandwidth of 39 MHz. Additionally, Sajjad [15] et al. proposed green BBEHP-PPV and orange-red emitting MEH-PPV, which can offer fluorescence lifetime of 0.3 ns and bandwidth of 200 MHz. Dursun [16] et al. reported the application of CsPbBr 3 perovskite nanocrystals film as light-conversion materials, with bandwidth of 491.4 MHz and florescence lifetime of 7 ns. Y. Zhang [17] et al. proposed to use aggregation induced emission luminogens (AIEgens) in VLC, with 6-dB electrical modulation bandwidth up to 279 MHz. These methods received considerable attention, owing to the significant improvement in material performance. However, most of them focus on the bandwidth improvement by using different light-conversion materials, few of them analyzed and explained related mechanisms. Since these mechanisms directly determine the communication performance of material based devices, they become key issues in VLC.
To investigate the modulation performance of light-conversion materials, researchers such as H. Cao [18] and D. Xue [19] use an equation to describe the frequency-response of the color converter, however, without further explanation and derivation on the equation. In another word, recent relating references still lack of detailed information on the origination and mechanism of modulation characteristics of light-conversion materials.
In this study, mathematical models were built to connect bandwidth and properties of lightconversion materials. First, we built the a low-pass filter model for light-conversion materials, explaining the relationship between fluorescence lifetime and bandwidth. Then, frequency response curves were experimentally obtained to check the correctness of this model. Furthermore, the bandwidth of light source with polychromatic light was analyzed with the proposed model. These analyses were believed to help understanding diverse light-conversion processes in LED modulation, and realizing high bandwidth communication with high-end white-light illumination in the future. To the best of our knowledge, this is the first time the modulation mechanisms of light-conversion materials have been comprehensively discussed in literature.
To verify the accuracy of these models, related experiments were implemented. We designed a bandwidth measuring system for light-conversion materials by using direct current power supply, signal generator, bias-tee, photodetector (PD), and digital oscilloscope. Then, different types of lightconversion materials, including green, red, and yellow Y 3 Al 5 O 12 :Ce 3+ (YAG:Ce) phosphors, as well as green and red CdSe/ZnS QDs, were measured and analyzed. We compared (a) the obtained frequency response and bandwidth results with (b) the low-pass filter model based theoretical prediction results. Results showed that our model successfully described the influence of the fluorescence lifetime on the bandwidth, and proved the coincidence between simulation results and experimental data. Our work deduced the mathematical expression of frequency response and revealed the modulation mechanisms for light-conversion materials, providing methods to further optimize the bandwidth of light source in VLC.
Model and Discussion
In previous research, the modulation bandwidth of polychromatic light was usually obtained by measurement, without related theoretical analyses. Here, we built a modulation model for light sources to understand the basic principle of optical signals in transmission, and the impact of light-conversion materials on the frequency response of the VLC system.
Basic Modulation Model for Light Conversion Materials
The basic modulation model for light-conversion materials is demonstrated based on the derivation of the fundamental knowledge in reference [20] . As shown in Fig. 1(a) , the emitted blue light pass through the yellow light-conversion material, and completely converted into yellow light as a sine wave. As shown in Fig. 1(b) , the output optical signal can be described as:
where I i n (t) is the light intensity of initial optical signal, h cover (t) is the impulse response of the lightconversion material. For bandwidth measuring, we use coupled signal with direct current (DC) and alternating current (AC, in shape of sine wave) to describe the input signal as follows
where a is the corresponding light intensity to the bias voltage, and b is the corresponding light intensity to the sine wave amplitude. Since light-conversion materials can be regarded as Linear Time-invariant (LTI) system, its impulse response can be described by a fitting curve of first-order fluorescence lifetime:
where τ is the average fluorescence lifetime of light conversion materials, I 0 is the maximum fluorescence intensity. Thus, I out (t) can be deduced as follows.
The final expression of light intensity of the output signal is described as:
where φ is the phase angle, and cos φ can be expressed as:
Here we obtain the light intensity I out (t) by receiving signal from the PD. According to [12] , in the operating range, the photovoltage of PD increases proportionally to light intensity of the AC signal component. Therefore, the amplitude of transfer function |G s | can be obtained when we only consider the alternating current signal component:
where U out is the output voltage and U i n is input voltage. Therefore, the frequency response can be expressed by
Furthermore, when R fr e = 10 lg( 1 2 ) ≈ −3 in Eq. (7), the corresponding frequency f is defined as the 3-dB modulation bandwidth (f 3−dB ). Here,
.
Eq. (8) shows that the 3-dB modulation bandwidth of light-conversion materials is tightly depends on its fluorescence lifetime (τ). Thus, the bandwidth expression of light-conversion materials is proved successfully. Especially, LED chips also has the same form as follows:
where the 3-dB modulation bandwidth of LED chips is relied on the efficient lifetime of carriers' recombination (τ chip ):
Modulation Model for Polychromatic Light
In Section 2.1, we assume that the initial light is completely converted by the light-conversion material. However, in VLC system, polychromatic light is usually used as a light source to realize optical communication. Thus, we illustrate the light-conversion process of LED based polychromatic light. As shown in Fig. 2 , the initial light from the chip are incompletely converted, in which the residual incident light is mixing with the converted light in polychromatic light. In this section, sine-wave from the chip is also used as initial optical signal for modulation, similar to that in Section A. Based on our analyses of Eq. 4 in Section A, the light intensity of polychromatic 
where I r esi dual and I conver ted are the light intensity of residual light and converted light. R r esi dual is the ratio of intensity amplitude of residual light signal and initial light signal. R conver ted is the ratio of intensity amplitude of converted light signal and initial light signal, where
res , conver and i n are luminous flux of residual light, converted light, and initial light, respectively. These parameters can be measured by applying voltage on LED that equivalent to a + b. a and b are defined by Eq. (2) already. Besides, here we assume that the signal acceptance angle is small enough, so light intensity is uniform in the detection zone of the detector. The optical power of LED can be described as:
where P λ i is the optical power, V λ i is the standard normalized CIE photopic spectral luminous efficiency function, is solid angle. When we modulate the frequency, Eq. (10) can be expressed in form of optical power as follows.
Since the residual signal and converted signal in Eq. (14) can be rewritten as two cosine signals, the optical power amplitude (A p oly ) can be obtained based on cosine law:
where φ is the phase difference between converted light and residual light. Since residual light and initial light have the same phase, φ also is the phase difference between converted light and initial light, which can be calculated by Eq. (5). In addition, in Eq. (4), we use sine function to describe the signal, but here we use cosine function to calculate the value of A p oly , which leads to a phase difference of π/2. Therefore, based on formula 5, the following relation can be obtained as:
where ω = 2πf. In our model, the magnitude of modulation frequency is MHz (10 6 Hz), and the magnitude of τ is ns (10 −9 s). So ωτ is very small (≈ 0). In this case, cos( π 2 − φ) ≈ 0, andcos φ ≈ 1. As a result, the optical power amplitude (A p oly ) can be obtained as follows:
In addition, it should be noticed that Eq. (17) is used for polychromatic light including two light (residual light and converted light). For white light that includes three parts (red, green, and blue, RGB light), the total optical power amplitude A 1 of two light (e.g., R + G) should be calculated first as follows:
where A red and A green is the optical power amplitude of red and green light, cos φ 1 is the phase difference between red and green light, which can be proved to be 1 by Eq. (16) . Then the optical power A white of white light can be obtained based on optical power amplitude of blue light and A1 as follows:
where cos φ 2 is the phase difference between red and green light, which can be proved as 1 (similar to cos φ 1 ). Therefore, this model can also be applied to white light. Furthermore, the relationship between optical power P 2 op ti cal and electric power P electr i c can be described as:
where i is the current produced by PD. Therefore, the frequency response of polychromatic light can be calculated as:
According to the definition of A p oly in Eq. (17) 
Through proper simplification, the frequency response of polychromatic light can be expressed by:
According to Eq. (23), if the light is completely converted (R r esi dual = 0), the frequency response of polychromatic light can be rewritten as Eq. (7) . If no light is converted, the frequency response will equal to zero, and optical power amplitude will not change with different modulation frequency. It is important to mention that if the light is partly converted, the frequency response will depend on the fluorescence lifetime of light-conversion materials and the proportion of converted and residual light in polychromatic light. According to Eq. (10), the increase in the proportion of converted light will cause increasing decay rate of frequency response and the 3-dB modulation bandwidth, if the response of the light-conversion material is slow (e.g. commercial yellow phosphors). Furthermore, based on Eq. (11) and Eq. (12), numerous characteristics of the materials, including thickness, concentration, area, and light-conversion efficiency, will have influence on the key parameters of R r esi dual and R conver ted , thereby producing numerous influences on frequency response and modulation bandwidth. Also, we should notice that the proportion of converted light will affect the color and color temperature of polychromatic light. Therefore, balancing the modulation bandwidth and lighting quality is a potential issue for light source optimizing in VLC system.
Additionally, we let R p oly = 10 lg(1/2) in Eq. (23), the 3-dB modulation bandwidth of polychromatic light can be obtained as follows.
Here we assume that the 3-dB bandwidth of initial light signal is infinite. Therefore, R conver ted (R conver ted + R r esi dual ) > 0.5 must be satisfied for the calculation of 3-dB bandwidth, otherwise the 3-dB bandwidth will be infinity. On the other hand, for light sources (e.g., LED chips) in practical use, their 3-dB bandwidth cannot be infinite. We set the 3-dB bandwidth of the light source as B sou r ce , the modulation model for this system can be described as: (a) a signal with infinite 3-dB bandwidth is transferred to optical signal by light source with 3-dB bandwidth B sou r ce , (b) this optical signal pass through light-conversion materials, and (c) divided to converted light and residual light. In this case, once R r esi dual ≥ R conver ted , 3-dB bandwidth of this system will be higher than that of light conversion materials. When R r esi dual R conver ted , 3-dB bandwidth of this system is near to B sou r ce . Fig. 3 shows the basic schematic of modulation bandwidth measurement. Firstly, the signal generator produces an electrical signal in sine wave. Then, this signal is converted to optical signal by the LED chip. While transmission in light-conversion materials and air, this optical signal is converted to electrical signal again by PD, and finally received by oscilloscope. Based on these transmission processes, the received signal can be expressed by:
Transmission Model
where S r (f ) is the received signal of sine wave, S 0 (f ) is the initial signal of sine wave, H chip (f ), H conver (f ), H ai r (f ), H PD (f ) and H ocsi (f ) are the frequency response of LED chip, light-conversion materials, air, PD, and oscilloscope, respectively. Since modulation bandwidth of air and oscilloscope are wide enough in this measuring system, H ai r (f ) and H ocsi (f ) can be ignored. Meanwhile, the expression of H chip (f ) and H PD (f ) has already been described in [20] , [21] . Therefore, Eq. (25) can be rewritten in frequency domain as follows. where H chip (f ) = 1/ (1 + 2πf 2 )τ 2 chi p , H PD (f ) = 1/ (1 + 2πf 2 )τ 2 PD , τ chip is the efficient lifetime of carriers' recombination, τ PD is the spent time of falling edge in PD response curve. The frequency response of light-conversion materials (H conver (f )) of completely and partly converted light can be obtained according to Eq. (7) and Eq. (23), respectively.
Eq. (25) can accurately explain all the influences in VLC bandwidth measurement. Based on this result, we can easily conclude that we need to know H chip (f ) and H PD (f ) before we obtain the exact bandwidth of light-conversion materials. Therefore, τ chip (f ) and τ PD (f ) should be far shorter than fluorescence lifetime of light-conversion materials. When the modulation bandwidth of LED chip is too small (e.g., commercial high-power LED chip), it will affect bandwidth measurement for light conversion materials. Therefore, micro-LED and laser diode (LD) with more than 100 MHz 3-dB modulation bandwidth have been applied to ensure the system performance, as reported in [22] - [24] . On the other hand, the converted proportion of light is also an important parameter for the modulation bandwidth of incompletely converted light. Especially, the modulation bandwidth of the light source should be higher than that of the light-conversion materials, so that the modulation bandwidth will not become a limitation for the bandwidth measurement of light-conversion materials.
Experiments and Verification of Results

Measurement System and Materials Preparation
As shown in Fig. 4 , we use a modulation bandwidth measuring system with a 0.5 W commercial blue LED chip (size 2835), direct current (DC) stabilized power supply, a signal generator (KEYSIGHT S1180A, 500 MHz), a DC-coupled Si transimpedance amplified photodetector (THOR-LABS PDA10A) with bandwidth of 150 MHz, and an oscilloscope (KEYSIGHT MSOX6004A, 1 GHz). When we turn on the LED, the signal generator simultaneously produce a output by coupling sinusoidal-wave signal and DC bias voltage. When light of biased LED is converted by phosphors or QDs, the emitting polychromatic light is mixed with modulated signal generated by LED and light-conversion materials, respectively. By adjusting the frequency of the signal generator, we can observe a shifting trend of sinusoidal signal on the oscilloscope. Through this process, we can easily measure the frequency response and 3-dB modulation bandwidth of LED.
For samples of light-conversion materials, we prepared yellow, green, and red YAG:Ce phosphors, as well as green and red CdSe/ZnS QDs with different concentrations, as shown in Fig. 5 . Since phosphors were in solid state, we made phosphor-silicone slices by mixing silicone and phosphors in vacuum environment. To realize QD slice, we package QDs solution into specially-designed glass containers, which have the same dimension as that of phosphors.
Measurement for Completely Converted Light
For the measurement of intrinsic bandwidth for light-conversion materials, we use the color filter to prevent residual blue light and obtain completely converted light. The 3-dB modulation bandwidth of LED chip and PD were measured to be 7.9 MHz and 50 MHz. Therefore, S r (f ) can be expressed as:
where the fluorescence lifetime τ of yellow, green, and red phosphor was 59.80 ns, 55.00 ns, and 700.00 ns, respectively. For QDs, the fluorescence lifetime τ of green and red QDs was were 22.00 ns and 26.10 ns. Fig. 6(a) , (b), and (c) show the measured and simulated frequency responses for yellow, green, and red phosphors. We can clearly observe the similar decreasing tendency between the simulated and experimental curves. Especially, the simulated curve can accurately describe the frequency response around 3-dB modulation bandwidth. As shown in Fig. 6(d) , the simulated and measured bandwidth of yellow, green, and red phosphors are 1.98 MHz and 2.00 MHz; 2.00 MHz and 2.12 MHz; 0.2 MHz and 0.21 MHz, respectively. Based on the aforementioned results, our simulation and experiment results in frequency response and 3-dB modulation bandwidth are match well for completely converted light.
Additionally, for red phosphor, when the modulated frequency is far higher than 3-dB modulation bandwidth, the difference between simulated and measured curves becomes increasingly apparent. This is because the bandwidth of red phosphor is extremely low. When the frequency is increasing, system noise and low signal-noise ratio are unavoidable. Fig. 7 (a) and (b) show the measured and simulated frequency responses for green and red QDs. The simulated and measured curves have similar decrease tendency when the frequency is less than 10 MHz. Once this value is higher than 10 MHz, a small difference appears between measured and simulated response. As expected, the simulated curve can accurately describe the frequency response around 3-dB modulation bandwidth. As shown in Fig. 7(c) , the simulated and measured bandwidth for green and blue QDs are 6.03 MHz and 6.21 MHz, 5.80 MHz and 6.12 MHz, respectively.
Measurement for Partly Converted Polychromatic Light
Based on Eq. (23), variation in proportion of converted light will alter the frequency response, and thereby affect the value of 3-dB modulation bandwidth of the LED. Hence, related parameters can be tuned to observe the variation tendency of 3-dB modulation bandwidth.
As shown in Fig. 8 , thickness and concentration of light-conversion materials are modulated to observe the shifting in 3-dB modulation bandwidth. With the same thickness, higher concentration leads to lower bandwidth. Similarly, with the same concentration, higher thickness leads to lower bandwidth of the LED. These results are reasonable and coincident with expectation according to the bandwidth calculation in Eq. (24) . Higher concentration and greater thickness will lead to higher light intensity of converted light, increasing the optical power of converted light. In another word, R conver ted is higher, and R r esi dual is lower. According Eq. (24), the increase in the proportion of converted light leads to rapid decline of frequency response. Therefore, the total bandwidth becomes lower.
Finally, the 3-dB bandwidth of polychromatic light is quantificationally studied by simulation. Here, we chose the green-phosphor as the target sample. Based on Eq. (24), the measured and simulated bandwidth results for converted light of green phosphors is compared and shown in Fig. 9 . We did not use color filter, so emitted polychromatic light includes two parts: converted green light and residual blue light. According to Eq. (24), the increase in the proportion of converted light (R conver ted ) leads to the decline of bandwidth. As shown in Fig. 9 , the simulated curve is well match with the experimental results, indicating that our method can accurately describe the 3-dB modulation bandwidth. In Fig. 9 , x axis starts from 0.5. This is because the relationship R conver ted (R conver ted +R r esi dual ) ≥ 0.5 is required to reach 3-dB bandwidth according to the definition of bandwidth. Additionally, x axis stops at 1, where light is completely converted. In another word, when R conver ted (R conver ted +R r esi dual ) = 1, the final result will become the bandwidth of phosphor. Thus,
Also there are some little differences between simulated and measured curves. System noise and low signal-noise ratio may contribute to this phenomenon.
Conclusion
In this work, we built modulation models of light-conversion materials for VLC. First, a low-pass filter model of light-conversion materials were built to demonstrate the key relationship between fluorescence lifetime and bandwidth. Then, the bandwidth of light source with polychromatic light was analyzed based on the proposed model. Furthermore, we mathematically built a modulation bandwidth measuring system to obtain the frequency response of different light-conversion materials. The transmission model was also analyzed to ensure the accuracy of modulation bandwidth measurement. The experimental results show a highly consistency between proposed models and measured frequency responses. These analyses were believed to help realizing high bandwidth communication and white-light illumination simultaneously.
